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ABSTRACT
The amphibian antidiuretic hormone arginine vasotocin (AVT) stimulated 
osmotic water flow (JH20) across isolated skin from the pelvic but not the 
pectoral region of the toad, Bufo woodhousei. The apical membrane capacitance 
(Ca) of the cells in the stratum granulosum of neither skin region was changed by 
AVT treatment when an osmotic gradient was present across the tissue. The Ca 
of the pelvic skin, however, was significantly increased from 2.8 ± 0.5 fiF/cm2 to 
3.3 ± 0.6 nF/cm2, when identical full Ringer’s solutions bathed both sides of the 
skin. Assuming a capacitance of one iiF/cm2 for cell membranes, AVT treatment 
appears to stimulate JH20 in conjunction with an increase in the apical membrane 
surface area. The failure of AVT to increase Ca when the apical membrane 
surface was bathed with a dilute solution can be interpreted as a result of 
concurrent insertion and removal of apical cell membrane vesicles in a manner 
which regulates water movement into the cells. The Ca of the pectoral skin 
averaged 1.8 ± 0.1 fiF/cm2 and did not change significantly after AVT treatment. 
Ca values for the pelvic skin were always greater than pectoral Ca values. This 
indicates a greater enhancement of surface area by epidermal sculpturing and is 
consistent with the role of the pelvic skin in the absorption of water.
Short circuit current (I*) and the amiloride sensitive current (INa+) both 
increased significantly in the pelvic and in the pectoral skin after AVT treatment, 
but to a larger degree in the pelvic skin. The density of Na+ channels (M) in the 
pelvic skin increased from 160 ± 50 to 830 ± 170 channels/pm2 of cross-sectional 
area following AVT treatment. Thus, the increase in INa+ appears to result from 
an increase in M. If M is expressed as a function of Ca, the density of Na+
channels (assuming ljuF/cm2) was 90 channels//im2 of actual cell membrane area 
before AVT treatment and 273 channels/tun2 after AVT treatment. In the 
pectoral skin M did not increase significantly, however, INa+ was linearly related 
to M. The current through single Na+ channels (i) did not change in either skin 
region after AVT treatment.
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1INTRODUCTION
Amphibian skin is the primary structure which limits the uptake of water 
and ions by the animal (Bentley, 1966). The amphibian antidiuretic hormone, 
arginine vasotocin (AVT), is known to stimulate the uptake of water and sodium 
ions (Na+) across the skin which facilitates rehydration when the amphibian is 
dehydrated (Sawyer, 1951). The cellular mechanisms involved in the stimulation 
of water and Na+ transport by AVT, however, are not completley understood. 
The objective of the present study was to identify the modifications occurring in 
the epithelial cell membranes of toad skin when water and Na+ transport are 
stimulated by AVT. The toad, Bufo woodhousei, was selected for this study 
because it lives in xeric environments and can be obtained locally, enabling 
freshly captured animals to be used for the experiments.
Structure and Function of the Amphibian Skin 
In order to understand how amphibian skin functions in the absorption of 
water and Na+, the structure of the epidermis should be examined. The 
amphibian skin epithelium consists of four distinct layers. The outermost layer, 
the stratum comeum, is a tough comified layer consisting of dead cells which is 
primarily for protection of the epidermis (Lillywhite and Maderson, 1988). The 
stratum granulosum underlies the stratum comeum and is the outermost living 
epithelial layer. The stratum granulosum cell layer regulates the water and ion 
fluxes both into and out of the animal. The outer facing membrane of the 
stratum granulosum cells is termed the apical cell membrane (figure 1). Water
2and ions enter the cell by specific protein channels in the apical cell membrane. 
These channels can be either inserted or removed, and, once inserted, either 
opened or closed depending on the osmotic and ionic composition of the 
environment and the hydration status of the animal. Tight junctions, termed the 
zonulae occludens, securely attach adjacent stratum granulosum cells at the border 
of the apical cell membranes. This insures that solutes entering the animal pass 
transcellularly (through the cell) and not paracellularly (around the cell). Tight 
junctions, thus, insure that osmotic and ionic gradients can be maintained across 
the epithelial layers. The membranes of the stratum granulosum cells which face 
the intercellular fluid compartment of the animal are called the basolateral 
membranes. The basolateral membrane contains the sodium-potassium pump 
(Na+-K+ pump) and potassium (K+) channels which permit a negative 
intracellular potential to be established (Koefoed-Johnson and Ussing, 1958).
The cytoplasm of the stratum granulosum is coupled, via desmosomes, to the 
underlying cells of the stratum spinosum and the stratum germanitivum (Rick et a i, 
1981). The stratum germanitivum is also electrically coupled to the stratum 
granulosum and the stratum spinosum. The basolateral membrane area is large 
relative to that of the apical membrane layer of the stratum granulosum (figure 1). 
The stratum granulosum will be assumed when discussing the apical membranes of 
the skin epithelium unless another epithelial layer is specified.
Mechanisms of Osmotic Water Flow 
Amphibians do not drink using their mouths, rather, they depend on their 
skin to absorb the water that they need (Bentley, 1966). Bufonid anurans, in
3particular, have a specialized region of skin on their ventral surface which is 
specifically adapted for the absorption of water from moist substrates or standing 
water. This region (the "seat patch" or pelvic region) consists of approximately 
one-half to one-third of the most posterior ventral surface of the toad 
(McClanahan and Baldwin, 1969). The pelvic region can also be defined by a 
pattern of epidermal sculpturing which can be visually distinguished from the 
more anterior pectoral region (Lillywhite and Licht, 1974). Epidermal sculpturing 
has been shown to increase the surface area of the pelvic epithelium which 
facilitates the ability of this region to absorb water (Lillywhite and Licht, 1974). 
The pelvic region has a much higher water permeability and is much more 
vascularized in comparison to the pectoral region (Christensen, 1974).
Currently, the most widely accepted theory of cellular water flux (JH20) is 
that water channels are inserted or removed from the apical membrane of the 
stratum granulosum cells via exocytosis or endocytosis, respectively (Harris and 
Handler, 1988). These processes are regulated according to the hydration status 
of the toad. The insertion of new water channels can be stimulated by 
antidiuretic hormone which increases the JHzO into the amphibian (Taylor et aL, 
(1978 a and b), and Harris et aL, (1986 b)).
AVT is released by the posterior pituitary gland (neurohyphysis) into the 
blood when the animal is dehydrated (Shoemaker and Waring, 1968). AVT then 
diffuses out of the blood and attaches to AVT receptors on the basolateral cell 
membrane of the stratum granulosum (figure 1). This is facilitated by the greater 
blood supply to the pelvic region (Christensen, 1974). The attachment of AVT to 
its receptor then activates the enzyme adenylate cyclase (Orloff et aL, 1962).
Adenylate cyclase is a catalyst of the reaction in which adenosine triphosphate 
(ATP) is converted to cyclic adenosine monophosphate (cAMP) and inorganic 
pyrophosphate (PPt). CAMP acts as a second messenger (Johnsen and Nielsen, 
(1984), and Marrero and Hillyard, (1985)) and activates a protein kinase (PK) 
which in turn activates the exocytosis of water channels into the apical cell 
membrane by means of a series of reactions which are not known (figure 1). At 
the same time the endocytosis of apical cell membrane can be occurring, whether 
a water channel is present or not, resulting in JH20 regulation by the cell (Harris 
et aL, 1986 b).
Mechanisms of Sodium (Na*) Transport 
Amphibian skin is unique, amoung vertebrates, in its ability to sequester 
sodium ions (Na+) from a typically hypoosmotic environment in comparison to 
the amphibians body fluids (Ussing and Zerahn, 1951). Na+ loss can occur 
through both the amphibian skin and by a copious amount of urine excretion 
(Middler et al., 1968). To offset the loss of Na+ to the environment, the toad has 
evolved a means by which needed Na+ can be reabsorbed. By this mechanism, 
Na+ can be absorbed from a medium even if the Na+ concentration is much 
lower than the Na+ concentration inside the cells. This rules out a passive 
diffusion mechanism where molecules or ions flow from a region of higher 
concentration to a region of lower concentration. In order for the toad to 
accumulate Na+ against a concentration gradient, an active transport mechanism 
is utilized which requires energy utilization in the form of ATP.
Sodium flux (JNa+) across amphibian skin can be studied by utilizing the 
model formulated by Koefoed-Johnsen and Ussing (1958). The apical membrane 
of the stratum granulosum can be differentiated from the basolateral membrane 
by looking at the means of Na+ transport in both. Na+, but not K+, can readily 
diffuse across the apical cell membrane. To maintain ionic and osmotic balance 
within the cell, the incoming Na+ must be transported out of the cell fairly 
quickly. The Na+-K+ pump is located in the basolateral cell membrane and aids 
the cell in Na+ and K+ regulation (Shultz, 1983). The Na+-K+ pump requires the 
hydrolysis of an ATP molecule to pump three Na+ out of the cell and two K+ 
into the cell (Bonting and Canady, 1964) (figure 1). The basolateral membrane 
also has a K+ "leak” channel which allows K+ pumped into the cell to leak out of 
the cell. This loss of K+ also establishes a negative intracellular potential which 
facilitates Na+ uptake across the apical membrane. These cellular mechanisms 
help maintain and regulate the intracellular osmolality of the cells in the stratum 
granulosum, while enabling the amphibian to acquire Na+ against a concentration 
gradient.
AVT also regulates JNa+. After binding to the AVT receptor, the cAMP 
generated activates a PK that not only stimulates the regulation of water 
channels, but through a series of unknown reactions, increases the probability that 
closed Na+ channels open, thereby, increasing Na+ movement into the cell 
(Ambramcheck et a l , 1985)(figure 1). According to one most recent theory, one 
subunit of the Na+ channel is phosphorylated by the hydrolysis of an ATP 
molecule to an adenosine diphosphate (ADP) molecule which transforms a closed
Na+ channel into an open Na+ channel configuration (Garty and Benos, 1988).
Equivalent Circuit Theory of Toad Epithelium
The measurement of Na+ transport across epithelial cell membranes is 
commonly done by measuring the short-circuit current (I*.) across isolated pieces 
of skin mounted in an Ussing chamber (Ussing and Zerahn, 1951). With this 
apparatus the apical and basolateral membranes of the epithelia can be 
independently exposed to identical or different cellular ions, hormones, or various 
channel blockers in varying concentrations. The 1  ^results from the output of a 
variable current source which is adjusted until the potential difference across the 
skin is zero. The current which is flowing through the circuit has been shown to 
be approximately equivalent to the net movement of Na+ ions from the apical to 
the basolateral side of the epithelium (Ussing and Zerahn, 1951).
Electrophysiological methods based on the 1  ^ technique can be used to 
examine the effects of AVT on JH20 and JNa+ at the apical cell membrane level. 
This entails the modeling of the epithelium with components of an electrical 
system (Gogelein and Van Driessche, 1981). The apical and the basolateral 
membranes have both a resistance (R) and a capacitance (C) (figure 2a). The R 
and the C within the same membrane, either apical or basolateral, are in parallel 
with each other. The R component represents the ion channels within either the 
apical or the basolateral cell membrane. The R of the cell membrane is 
determined by the number of channels and the probability that a given channel is 
open at a given time. The C component of the cell membrane represents the cell 
membrane surface area where C is the ability of the cellular membrane to store a
charge via the phospholipid bilayer. Basically, the higher the C the greater the 
cell membrane area. The capacitance of the apical membrane (C J was estimated 
with the technique described by Van Driessche (1986). This method assumes that 
the apical membrane is the dominant electrical component of the epithelium and 
can be modeled as a simple RC network with a parallel resistance (figure 2b) 
(Gogelein and Van Driessche, 1981). The apical and the basolateral membranes 
are represented by electrical resistances (Ra and Rb, respectively) and 
capacitances (Ca and Q,, respectively). These two apical and basolateral RC 
networks are in series with each other and are also in parallel with a paracellular 
resistance (Rp). Rp corresponds to the pathway for ion flow between the stratum 
granulosum cells. In tight epithelia, such as toad skin, Rp is generally considered 
negligible when compared to the transcellular resistance. If it is assumed that Ra 
is much greater than Rb then it can be assumed that the value computed for Ca 
will be adequate even though Rp is not known (Van Driessche, 1986). Ca can be 
used as an index of the membrane surface area assuming one cm2 of epithelial 
area has a capacitance of approximately 0.5-1.3 /iFarad/cm2 (Reeves, 1969). An 
average capacitance value of one fiF per cm2 of membrane surface area will be 
assumed in the following experiments.
The Theory Behind Capacitance Measurements 
Capacitance can be calculated using a Nyquist plot. The Nyquist plot 
consists of three impedance parameters; a resistive component, a capacitative 
component (an imaginary number), and a frequency component (Gogelein and 
Van Driessche, 1981). Graphically, the resistive component is plotted on the
8horizontal (real) axis and the capacitative component is plotted on the vertical 
(imaginary) axis. From the interrelationship of the phase angle between the 
voltage and the current, over a range of high and low frequencies, the individual 
points (impedance loci) making up the Nyquist plot can be generated (Figure 3) 
(Gogelein and Van Driessche, (1981), and Van Driessche, (1986)). The 
impedance loci describe a semicircle in the lower right quadrant, with the higher 
frequency points closer to the origin. A time constant (r) can be calculated by 
utilizing the impedance loci at the maximum depression of the semicircle where 
R x C = r. If Ra is reduced, a second group of impedance loci appear at a 
higher resistance in the Nyquist plot which are a result of Q, and Rb in addition 
to Ca and Ra (figure 4). In either case, Ca can be calculated from the parameters 
of the Nyquist plot. This will be elaborated on in the methods section.
The Theory Behind Single Channel Current (i) and Na+ Channel Density (Ml
The current through single Na+ channels and their density in the 
membrane can be determined using fluctuation analysis (Lindemann and Van 
Driessche, 1977, 1978). In this technique, fluctuations in I« are induced by adding 
the specific blocker of a particular ion channel and the frequency components of 
the fluctuations are analyzed with a fast Fourier transform (FFT). The 
fluctuations of the Na+ channels from the open to the blocked state can be 
described by the following equation (Lindemann and Van Driessche, 1977, 1978):
Measurements Utilizing Fluctuation Analysis
■10
(1)
9where (O) is the open Na+ channel and (B) is the blocked state of the Na+ 
channel, k^ is the rate constant from the O to the B state, and k10 is the rate 
constant for the dissociation of the blocker. The pyrazine diuretic amiloride, a 
reversible Na+ channel blocker, is the compound which was utilized to study these 
ion channels (Lindemann and Van Driessche, 1977, 1978). Current fluctuations 
arise from the association and the dissociation of the Na+ channel blocker, 
amiloride. The frequency components of the channel opening and blocking 
events can be studied by passing IK with a low-noise voltage clamp (Van 
Driessche and Lindemann, 1978) and analyzing the fluctuations produced by 
adding progressivly higher amiloride concentrations. From this analysis both the 
amiloride insensitive component of the I*, and the amiloride sensitive component 
of the I,,. (INa+) can be determined. The amiloride insensitive component is most 
likely due to another ion channel, such as, amiloride insensitive cation channels 
(Van Driessche and Zeiske, 1985) or chloride ion (Cl ) channels (Katz and Van 
Driessche, 1988). INa+ is a function of single channel current (i), Na+ channel 
density per cm2 (M), and the fraction of channels not occupied by amiloride at a 
given blocker concentration (P0). The techniques for estimating i and M will be 
described in detail in the methods section.
METHODS
Bufo woodhousei were captured in various regions of Clark County,
Nevada (Nevada Department of Wildlife permit #  S10615). The toads were kept 
on moist sand and had free access to water. The toads were fed crickets twice a 
week and maintained at a temperature ranging from 21-25°C. The light cycle was
10
not closely regulated but on the average the lights were on from 8-11 hours 
during the day and were off at night. The toads were anesthetized by being 
placed in a 5% aqueous solution of tricaine methanesulfonate (MS-222), buffered 
to pH 7 with NaHC03, and then were double pithed. The ventral skin was 
removed and divided into four pieces; two from the pelvic region and two from 
the pectoral region.
Osmotic Water Flux and Membrane Capacitance 
One piece of skin from the pelvic and one piece of skin from the pectoral 
region was used for water flux measurements. The other two pieces, from the 
contralateral side of the toad, were used in capacitance experiments. A piece of 
skin was tied with 4-0 surgical silk to the end of a 5 ml syringe barrel (figure 5). 
The mucosal (apical) side of the skin faced the inside of the syringe barrel and 
the serosal (basolateral) side of the skin faced the outside of the syringe barrel.
A 1:3 dilution (Ringer’s:distilled water) of full strength Ringer’s was put inside of 
the syringe barrel (quarter strength Ringer’s). A rubber stopper, into which a 
polyethelene tube was inserted which was connected to the port of a threeway 
stopcock at the opposite end, was placed over the open end of the syringe barrel 
in such a way that no air space remained in the syringe. A 100 pi pipette 
graduated in 10 pi divisions was attached horizontally to a second port of the 
threeway stopcock with a piece of polyethelene tubing (figure 5). A 10 ml syringe 
was inserted into the third port of the stopcock to control the level of the fluid in 
the pipette. The syringe assembly was placed in a 100 ml beaker so that the 
serosal surface of the skin was bathed with a full Ringer’s solution having the
11
following composition: 115 mM NaCl, 2.5mM KHCOj, and ImM CaCl2, at pH 
8.0. The skin-syringe assembly was suspended above the bottom of the beaker 
with a clamp. In order for osmotic water flow to occur an osmotic gradient is 
necessary. Therefore, a solution isotonic with the toads body fluids (Ringer’s) 
bathed the basolateral side of the epithelium and a more dilute solution (quarter 
Ringer’s) bathed the apical side of the epithelium. This simulated an animal in a 
hypoosmotic environment. Osmotic water flow was measured by monitoring the 
time required for the fluid level in the pipette to travel between the 10 fi\ 
divisions. The area of the skin surface in contact with the solutions was 2.54 cm2, 
and the water flux was calculated in /il/ cm2 x hr. When the flow rate had 
stabilized, the amphibian antidiuretic hormone, AVT (Sigma Chemical Co., St. 
Louis Mo.), was added to the beaker. Because of the extensive time and the 
large number of animals which would be required to measure JH20 over a wide 
range of AVT concentrations a detailed dose response study was not conducted. 
However, in preliminary experiments with five pelvic and five pectoral 
preparations a maximal hydroosmotic response was consistently produced with a 
5X10'8 Molar (M) concentration of AVT, which was subsequently used for all 
experiments.
For measuring capacitance, a piece of skin from either the pelvic or the 
pectoral region was mounted in a modified Ussing chamber which permitted 
continuous solution perfusion of the apical and basolateral sides of the skin 
(DeWolf and Van Driessche, 1986). Skin edge damage was avoided by using 
silicone grease which formed a seal between the the skin and the chamber halves. 
The surface area of the skin which was continuously in contact with the bathing
12
solutions was 0.5 cm2. The voltage and the current electrodes were made with a 
1 M NaCl agar bridge in Gilson pipette tips and a 1 M NaCl solution with 
chloride plated silver wire inserted into the NaCl solution. A low-noise voltage 
clamp (Van Driessche and Lindemann, 1978) was used to measure the 1^ which 
is an estimate of transepithelial sodium transport (Ussing and Zerahn, 1951). I* 
measurements were made with either quarter or full Ringer’s perfusing the apical 
side of the skin. Full Ringer’s perfused the basolateral side of the skin in all 
cases. I,,, values were then recorded until stable values were obtained.
Experimentally, Ca was measured by passing a pseudo-random voltage 
signal to the command stage of the voltage clamp and analyzing the voltage and 
current relationship over a variable range of frequencies (Van Driessche, 1986). 
First, a digital circuit was used to generate a pseudo-random, binary series of 
voltage pulses which served as the command signal for a voltage clamp. The 
voltage clamp then passed current across the skin in response to this command. 
The voltage pulses were synchronized with the sampling rate of an analog-to- 
digital converter which was used to sample the voltage and the current signals. 
These signals were sampled simultaneously.
The voltage and current signals were subject to a fast Fourier transform 
(FFT) and an impedance function was calculated as the quotient of the 
transformed voltage and current signals over a defined frequency range. These 
data are expressed in a Nyquist plot (figure 4) in which individual points, termed 
impedance loci, represent a specific resistive and capacitative value at a particular 
frequency. The semicircle described by the impedance loci can be fit by the 
following equation (Cole and Cole, 1941):
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z = Rs +  Rra__ (2)
1+ (jwRmCm) 1-fl
where Rm represents the equivalent parallel resistance, Cm the equivalent parallel 
capacitance, and Rs the resistance in series with the RmCm network. The angle 6 
(in radians) is equal to 2<f>/n, where 0 is the angle (in degrees) between the real 
axis and the line which connects the center of the semicircle with its intersection 
with the origin of the real axis. The term /= /-1  and the term w= 2nf. R, is 
approximately equal to the resistance of the bathing solutions between the voltage 
electrodes (Van Driessche, 1986).
In some preparations, especially after AVT treatment, two semicircles were 
seen in the Nyquist plot. This presumably represents the appearance of the 
basolateral membrane, therefore, the RC networks corresponding to both the 
apical and the basolateral membranes can be visualized (refer to figure 4 in the 
introduction). In order to accurately assess Ra, Rb, and Ca, Q,, the values of Rp 
should be known. If it is assumed, however, that Ra is much greater than Rb, 
then the value computed for Ca from the fit (equation 2) of the larger semicircle 
will provide an adequate measurement of changes in Ca produced by AVT (Van 
Driessche, 1986). It was found that the semicircle nearest the origin produced 
capacitance values very similar to those of the apical membrane in preparations 
with a single semicircle. It was therefore assumed that the fit of this component 
of a complex Nyquist plot gave a reasonable estimate of Ca.
14
A capacitance measurement was taken before the addition of AVT and then 
every five minutes after the addition of AVT, over a 30-50 minute period, until a 
maximum increase in I* was seen. AVT was added to the basolateral side of the 
amphibian skin. After maximum AVT response was attained, a capacitance 
measurement was taken every 30 minutes for two hours.
Sodium Transport and Fluctuation Analysis
A. Macroscopic Short Circuit Current and Resistance
A piece of skin from the pelvic and the pectoral regions was mounted in a 
modified Ussing chamber and I* was recorded as described previously. Both 
sides of the epithelium were perfused with full Ringer’s. The epithelium was 
clamped to zero mv with a low-noise voltage clamp (Van Driessche and 
Lindemann, 1977, 1978). Under these conditions, the I*, is an approximate 
measurement of the net flow of Na+ ions across the amphibian skin (Ussing and 
Zerahn, 1951). The amiloride sensitive component of the (INa+) corresponds 
to the Na+-specific channel in the apical membrane. It was determined by 
subtracting the I*, when 100 /tM of amiloride was perfusing the apical membrane, 
from the Is,, when no amiloride was present. A 100 /iM concentration of 
amiloride saturates the Na+ channels and the remaining I*, passing across the skin 
is due to a different ion pathway. Thus, INa+ represents only the JNa+ across the 
skin via the amiloride sensitive Na+ channels. INa+ can be analysed as a function 
of the single channel current (i), Na+ channel density per cm2 (M), and the 
fraction of channels not occupied by amiloride at a given blocker concentration 
(P0) (Zeiske and Van Driessche, 1984):
15
INa+ = i*M*P0 (3 )
B. Fluctuation Analysis
Fluctuations in the macroscopic IK were amplified and filtered as described 
by Van Driessche (1986). This was divided into a high and a low frequency (/) 
range. The range of amplification was 900.0-6400.0 in the low /  range and 900.0- 
2500.0 in the high /  range. The fundamental /  upon which the power spectra 
were based was 0.5 Hz. The /  fluctations between the open and the blocked state 
of the Na+ channel can be increased linearly by adding increasing concentrations 
of amiloride, ranging from 1, 2, 3, 4, 5, 6, 10, and 100 /iM/Liter, to the apical 
side of the epithelium. These fluctuations in the conductance are detected as 
fluctuations in 1^ . The f  components of the fluctuations can be analyzed with a 
FFT which yields a power density spectrum. Power density spectra were taken 
before the addition of amiloride and at each concentration of amiloride as 
described by Lindemann and Van Driessche (1977, 1978) who assumed a pseudo- 
first-order reaction between amiloride (A) and its receptor on an unblocked 
channel (R) to form a channel blocked by amiloride (AR) (Lindemann and Van 
Driessche, 1977, 1978):
■10
(4)
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where koX and k10 are the association and dissociation rate constants, respectively. 
This association and dissociation of amiloride with its receptor produces 
fluctuations of the microscopic current around the macroscopic IK. Fluctuations 
in Ix resulting from the association and dissociation of amiloride can be analysed 
with a power spectrum (figure 6) which can be fit as the sum (S;) of a linear 1 // 
component, and a Lorentzian curve (Van Driessche and Erlij, 1983):
s / = i  + _ S o _  , (5)
f  1 + ( ///c )2
The Lorentzian curve is described by a plateau value S0 divided by 1 + ( / / / c)2, 
where the corner frequency ( /c) is the frequency where Sf = S0/2. For a single 
channel-blocker interaction (equation 4) f a in radian measure, is equal to the 
rate of channel blockage (k^) times the blocker concentration plus the rate of 
blocker dissociation (Lindemann and Van Driessche, 1977, 1978):
2tr/c = kJA ] + k10 (6)
ko! and k10 can thus be determined by the slope and the y-intercept, 
respectively, from the graph of amiloride concentration [A] v.s. (27t/e)
(Lindemann and Van Driessche, 1977, 1978). A different graph was made for 
both pelvic and pectoral regions for each animal before and after AVT treatment. 
A typical corner frequency plot is shown in figure 7.
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The slope of the plots was calculated from the linear regression which best 
fit the data for each animal. The single channel current was calculated from the 
following equation (Lindemann and Van Driessche, 1977, 1978):
i = id i i iS o  (7)
koi*[A]*INa+
The density of amiloride blockable Na+ channels (M) can be calculated from two 
equations (Lindemann and Van Driessche, (1977), (1978) (equation 8), and Katz 
and Van Driessche, (1988) (equation 9)):
M = Z a iU i i f e  (8)
k10 • i
or
M = INa±  (9)
i
More error is involved with the calculation of M when k10 is a parameter 
(equation 8). This is due to the high variability of k10 with small differences in 
km. This variability in k10 is especially evident when comparing different animals. 
Therefore, equation 9 was utilized to estimate M. Pre and post AVT treatments 
and pelvic and pectoral regions were analysed utilizing a Students t-test for paired 
observations with significance levels ranging from P<.05 to P<.001 (Snedecor and 
Cochran, 1967).
RESULTS
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Water Flux and Capacitance Measurements in the Presence 
of an Osmotic Gradient 
The average value for JH20  across the pelvic skin, prior to AVT 
treatment, was 36.0 ± 7.6 /il/cm2*hr (mean ± SEM, n=9). All values reported 
are means ± one standard error of the mean (SEM) and sample sizes are 
denoted by n. Following AVT treatment, JH20  was significantly stimulated by 
288 ± 63 % (P < .005, paired t*test). The time course for the response to AVT 
showed an initial lag period of 21 ± 5 minutes, during which JHzO did not 
significantly increase (10 ± 15 %, P>.1) from control values. After AVT 
treatment the time required for the maximal stimulation of JHzO averaged 47 ±
9 minutes. Ca values for pelvic skin bathed with quarter Ringer’s on the apical 
surface averaged 4.1 ± 0.7 fiF/cm2 and did not change significantly during the 
period following AVT treatment (P>.50). A typical Nyquist plot consisting of 
both pre- and post-AVT plots for the pelvic skin is shown in figure 8. It was also 
noted that AVT treatment frequently resulted in an additional low frequency 
component in the Nyquist plots. The combined percent change in JHzO and Ca 
results are plotted together in figure 9.
In the pectoral skin, JHzO values averaged 40.7 ± 6.5 /il/cm2«hr prior to 
AVT treatment (n=9). Following AVT treatment maximal JHzO values were 29 
± 10 % larger than pretreatment values after 37 ± 7 minutes. Two of the nine 
preparations, however, failed to demonstrate a response and the change in JH20  
for the pectoral skins, as a group, was not significant (P>.05). Ca values for the
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pectoral skin averaged 2.8 ± 0.4 fiF/cm2, and, like the Ca values from the pelvic 
region, they did not significantly change over the period of AVT treatment 
(P>.50). The combined percent change in JH20  and Ca results are plotted 
together in figure 10.
The Ca values for the pelvic skin were significantly larger (P<.05) than 
those obtained for the pectoral skin (figure 11).
Capacitance .and Short Circuit Current in the Absence of an Osmotic Gradient 
The following results are summarized in Table 1. With full Ringer’s 
solutions bathing both the apical and the basolateral surfaces, the iK across the 
pelvic skin averaged 20.2 ± 4.3 /iA/cm2 prior to AVT treatment. AVT treatment 
significantly stimulated I* to 108.9 ± 13.0 ga/cm2 (P<.001, n=10). AVT 
treatment significantly increased INa+ from an average pre-AVT treatment value 
of 14.9 ± 3.3 /iA/cm2 to 94.1 ± 11.1 /iA/cm2 (Pc.001, n = 10). The amiloride 
insensitive component of I*, was significantly increased by AVT treatment from 
2.7 ± 0.5 /iA/cm2 to 7.4 ± 2.0 /iA/cm2 (P<.025, n=10). Pelvic skin resistance 
values significantly decreased from 1800 ±410  ohms (0)«cm2 prior to AVT 
treatment to 730 ± 110  fl*cm2 following AVT treatment (P<.025, n=10). Ca 
values averaged 2.8 ± 0.5 pF/cm2, prior to AVT treatment, and were increased 
significantly to 3.3 ± 0.6 nF/cm2 (P<.025, n=6), when the maximal stimulation of 
was observed. Note that the variation in Ca values between individual animals 
were large enough that the averages of all the animals Ca values do not appear 
very significant, but utilizing the paired t-test and the differences between the pre- 
and the post-AVT treatments for each animal the differences were significant.
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Typical Nyquist plots obtained during pre- and post-AVT treatment periods can 
be seen in figure 12, noting the large decrease in resistance.
The following results are summarized in Table 2. IK across the pectoral 
skin was 20.4 ± 3 . 0  fiA/cm2 prior to AVT treatment, and was significantly 
stimulated to 34.9 ± 4.8 /iA/cm2 by AVT treatment (P<.05, n=10). INa+ was 
significantly elevated from 16.3 ± 2.6 /iA/cm2 to 29.0 ± 4.0 /iA/cm2 (P<.05, 
n=10). The amiloride insensitive component o f !«, however, did not change 
significantly from pre-AVT values of 2.1 ± 0.4 /iA/cm2 to post-AVT values of 2.9 
± 0.6 /iA/cm2 (n=10). Similarly, pectoral skin resistance values did not change 
significantly from pre-AVT values of 1760 ± 210 fi»cm2 to post-AVT values of 
1510 ± 250 0*cm2 (n= 10). Prior to AVT treatment Ca values for the pectoral 
region averaged 1.8 ±0 . 1  iiF/cm2 which did not change significantly following 
AVT treatment (n=6).
The percent change in Ca following AVT treatment in pelvic and pectoral 
skin is summarized in figure 13, which compares experiments with and without an 
osmotic gradient. It can be seen that Ca was only increased significantly in the 
pelvic skin in the absence of an osmotic gradient.
Fluctuation Analysis 
The addition of increasing amiloride concentrations produced similar 
Lorentzian components in the power spectra from both pelvic and pectoral skin 
(figure 14). Specifically, S0 decreased while while f e increased. Analysis of the 
current fluctuations produced by the stepwise addition of amiloride to the apical 
surface solution gave linear plots of [A] v.s. (2tt/c). A representative plot was
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shown in figure 7 although individual plots were done for pelvic and pectoral 
skin regions and for pre- and post-AVT treatment, for each animal. Values for 
km and k10 were calculated from these graphs where k^ values ranged from 4.6 - 
15.9 Sec'^/zM'1 and k10 values ranged from 4.3 - 29.8 Sec1. The correlation 
coefficient (r) averaged 0.97 ± 0.01 for these plots.
The calculation of i, for each experiment, was made using fc values 
obtained from each individual animal (equation 7). Following AVT treatment, 
the values for i did not change significantly with increasing INa+ in either the 
pelvic or the pectoral skin (Table 3, P>.05). Comparing INa+ and i for all 
experimental results showed no significant correlation (figure 15, r = 0.24). M 
values for the pelvic skin were significantly increased by AVT treatment from 
160 ± 50 channels//zm2 to 830 ± 170 channels//zm2 (Table 3, P<.005). A linear 
relationship between INa+ and M was observed both before and after AVT 
treatment (figure 16, r = 0.74). There were also two distinct linear relationships 
between M and Ca in both the pre- and post-AVT treatments of the pelvic skins 
(figure 17). If M is expressed as a function of Ca, M values average 90 
channels/^m2 before AVT treatment and 273 channels//im2 after AVT treatment. 
These M values were determined from the slope of the pre- and post-AVT 
treatment linear regression lines in figure 17.
In the pectoral skin, a similar correlation was observed between INa+ and 
M values although M was not significantly increased by AVT treatment (figure 
18). Ca values for the pectoral skin did not change significantly after AVT 
treatment (figure 19).
DISCUSSION
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Water Flux and Capacitance 
JH20 values of isolated skin from the pelvic and the pectoral regions are 
comparable to those found by Marrero and Hillyard (1985). Similarly, the 
increase in JH20 of the pelvic skin after AVT treatment was comparable to 
observations by Marrero and Hillyard (1985) who used the mammalian 
antidiuretic hormone, arginine vasopressin (AVP). The cellular mechanisms by 
which AVT stimulates JH20 have been studied more extensively in the toad 
bladder than in the toad skin. In an ultrastructural study using freeze-fracture 
electron microscopy, Kachadorian et al (1975) showed that AVT produced a 
clustering of intramembranous particles (IMPs) in the apical membrane after the 
fusion of tubular-shaped IMP-containing vesicles (aggrephores) to the apical cell 
membrane of granular cells. The granular cells of the toad bladder are 
distinguished from mitochondrial-rich and mucous cells by their ability to 
accumulate flourescent markers by endocytosis (Harris et a l , 1986 a) after ADH 
stimulation. Taylor et a l (1978 a and b) and Bourguet et a l (1988) observed that 
cytoskeletal disrupting agents, such as, cytochalasin B (a microfilament disrupter) 
and colchicine (a microtubule disrupter), inhibit the ability of antidiuretic 
hormone to stimulate JH20 across the tissue. More recently, Muller and 
Kachadorian (1984) have observed that while colchicine does not appear to effect 
the rate of aggrephore endocytosis, cytochalsin B slowed the rate of aggrephore 
endocytosis suggesting that the detachment of aggrephores from the apical 
membrane depends primarily on microfilaments. Thus, it has been suggested that
23
the fusion of aggrephores containing IMPs into the apical membrane and the 
subsequent transfer of IMPs to the luminal (apical) membrane was required for 
an increased JH20 into the cell (Muller et aL, 1980). Insertion of IMPs via 
aggrephore fusion was correlated with the increase in JH20 after AVT treatment. 
Thus, IMPs are thought to be somehow correlated with the presence of water 
channels. Flourescein, rhodamine-dextran (F, R-dextran), and rhodamine-labeled 
horseradish peroxidase (R-HRP) were used as flourescent markers whereby the 
endocytosis and exocytosis of aggrephores by the granular cells could be 
monitored after ADH stimulation (Harris et aL, 1986 a). It was found that 
granular cell up take of F, R-dextran was increased significantly in the presence 
of an osmotic gradient (Harris et al., 1986 a), indicating an increase in 
endocytosis which may occur concurrently with the exocytosis of aggrephores. 
Palmer and Lorenzen (1983), and Stetson et aL (1982) observed an increase in 
the Ca of the toad urinary bladder after antidiuretic hormone treatment. This 
increase in Ca was interpreted as being a consequence of the addition of new 
apical membrane due to the hydroosmotic response. Thus, a model has emerged 
in which the osmotic gradient across the tissue (Masur et aL, 1984) is an 
important factor in the regulation of endocytosis and exocytosis of aggrephores in 
the apical membrane when AVT stimulates JH20 across the toad bladder.
In the toad skin, Kent and McClanahan (1980) have also shown that 
cytochalasin B and colchicine inhibit JH20, while Brown et aL (1983) have 
demonstrated an increase in the aggregation of IMPs in the apical membranes of 
the stratum granulosum cells. Changes in membrane area in toad skin, however, 
have not been previously investigated.
In the present study Ca failed to change as JH20 across the pelvic skin was 
stimulated by AVT in the presence of an osmotic gradient, however, Ca increased 
significantly in the absence of an osmotic gradient. The failure of AVT to 
stimulate Ca, when the apical surface of the tissue was bathed with a dilute 
solution, could reflect that a maximal insertion of apical membrane vesicles has 
occurred with a concurrent retrieval of vesicles by endocytosis. Therefore, it 
appears that the mechanism by which AVT stimulates JH20 across the apical 
membrane of the stratum granulosum cells in the toad skin is very similar to the 
mechanism in the toad urinary bladder. The Ca of the pectoral skin was not 
significantly changed by AVT treatment either in the presence or absence of an 
osmotic gradient. This is consistent with observations by Marrero and Hillyard 
(1985) that the pelvic skin and not the pectoral skin of this species is the primary 
region for water absorption.
The Ca values observed in the pelvic skin, regardless of experimental 
treatment, were all significantly greater than one fiF/cm2 and were always greater 
than those observed in the pectoral skin of a given animal. This indicates that 
the total surface area of the apical cell membranes exceeds that predicted for a 
flat sheet of cells. These differences may be partly explained by the extensive 
morphological differences between the epidermal sculpturing of the pelvic skin in 
comparison to the pectoral skin (Lillywhite and Licht, 1974). The variability 
between preparations may also be partly due to the variability in the tension of 
the skin when it was glued to the lucite ring before being placed in the Ussing 
chamber. It is unlikely that the differences between the pelvic and pectoral Ca 
values were due entirely to the mounting procedure because both regions were
25
dissected as a continuous piece of ventral skin. This entire piece of skin was 
pinned to the wax base of the dissection pan and the lucite rings were glued to 
the pelvic and pectoral regions which were subject to approximately the same 
degree of tension.
AVT stimulation caused a significant increase in I,,, and INa+ across the 
skin in the pelvic and in the pectoral skin (see tables 1 and 2). These increases 
were much larger in the pelvic skin than the pectoral skin. In contrast, Marrero 
and Hillyard (1985) found that AVP produced comparable increases in I„ in both 
pelvic and pectoral skin. This could be due to the differences in measuring in 
these studies. Marrero and Hillyard (1985) maintained the skin in an open 
circuit condition (i. e. the spontaneous voltage observed across the isolated skin) 
and manually applied 1  ^ at 30 minute intervals. In the present study I„ was 
continually applied with a voltage clamp.
Chloride cells in the toad skin constitute a parallel conductance pathway 
for ion transport across the skin (Hviid Larsen and Kristensen, 1978). The 
chloride ion (Cl ) channels in these cells are voltage gated and are closed under 
voltage clamped conditions and open under open circuit conditions. It is possible 
that the Cl' conductance of the tissue in some way effects INa+ by an as of yet 
unknown mechanism. Soria et al. (1988) have found that INa+ values vary in the 
different skin regions of the toad Bufo arenarum. These were ascribed to 
differences in Cl' absorption which was suggested to be related to the salt balance 
of the toad. Katz and Van Driessche (1988) have also examined a parallel Cl' 
pathway in toad (Bufo viridis) skin. Since only the Na+ channel was being 
observed and Cl' concentrations were not changed it was assumed that the Cl'
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flux was not a significant factor in their experiments. The Cl' pathway, however, 
could be a component of a parallel ion conductance. This parallel conductance 
could explain the failure of AVT to decrease the resistance of the pectoral skin 
when I,* was stimulated. If the total skin resistance (Rt) is a function of both Na+ 
and Cl' conductance, Rt may be approximated as a simple parallel resistance 
circuit:
1/R» =  1 /R n„+ + 1 /R cr  (10)
Thus, a small decrease in RNa+ might not be detected if R ^  was comparable to 
RNa+. After AVT treatment of the pelvic skin, R, is decreased as \K is increased, 
as would be predicted from Ohm’s law. The larger stimulation of INa+ in the 
pelvic skin following AVT treatment would thus be accounted for by the 
expression Rt = aV/aINa+, where the change in current (aINa+) is produced by a 
change in the voltage (aV) across the skin.
Fluctuation Analysis 
No significant correlation between INa+ and i was observed in either skin 
region before or after AVT treatment. INa+ values, however, do correlate with M 
values in both the pelvic and the pectoral skin. Therefore, INa+ is regulated as a 
function of M and not by an increase in i values (Table 3). This relationship has 
also been seen in frog skin (Helman et aL, 1981) and toad urinary bladder (Li et 
a l, 1979). The insignificant change of M in the pectoral skin after AVT 
treatment was probably due to the small changes in INa+.
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The range of M, from 160 ± 50 to 830 ± 170 channel//im2, in the pelvic 
skin is large relative to other studies done with fluctuation analysis. In a recent 
review (Garty and Benos, 1988) estimates of M obtained by fluctuation analysis 
ranged from 0.02 to 38 channels//xm2. In contrast, Cuthbert (1973) observed M 
values in frog (Rana temporaria) skin ranging from as high as 156 to 557 
channels//im2, and in toad bladder Cuthbert and Shum (1975) found 312 
channels//im2. They accomplished this by measuring the binding of 14C-labeled 
amiloride to Na+ channels. This technique for determining M values could 
produce higher values than the actual number of open Na+ channels due to the 
possible binding of amiloride to multiple binding sites (Benos et aL, 1979) or to 
inactive or precursor Na+ channels (Garty and Edelman, 1983). If M values from 
the pelvic skin are expressed per nF of Ca, the channel density values are 90 and 
273 channels/^m2 of actual cell membrane area before and after AVT treatment, 
respectively. These M values are more similar to those of Cuthbert (1973) and 
may indicate a variation in the number of active, inactive, and precursor Na+ 
channels in relation to the specialization of the pelvic skin region for JH20 in 
comparison to the pectoral region.
Garty and Edelman (1983) postulated that the ADH treatment of toad 
bladder could induce vesicles containing Na+ channels to be inserted into the 
apical membrane. In frog colon, another type of tight epithelium, Krattenmacher 
and Clauss (1988) did not find a correlation between M and C„ values, but could 
not rule out the possibility of some type of correlation between these two 
parameters. These authors suggested that two possible types of exocytotic vesicles 
could be active simultaneously depending on the cells immediate needs. One
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type of vesicle would contain Na+ channels and the other type of vesicles would 
contain water channels. The exocytosis of one or the other or possibly both types 
of vesicles could thus contribute to the increase in Ca after ADH stimulation. 
These two types of vesicles could help explain the degree to which Ca and M 
values correlate. In the pectoral skin neither parameter changed significantly 
which correlates with the lack of a significant increase in JH20 in this region.
The amiloride insensitive current may be due to poorly selective cation 
channels which Van Driessche and Zeiske (1985) have identified in the skin of 
bullfrogs. This channel conducted 1-3 jtA/cm2 and was not blocked by amiloride. 
It is possible that AVT treatment leads to an increase in the density of this type 
of channel. In the absence of a specific blocking agent, however, it is not 
possible to determine i or M for this channel.
In the present study the B. woodhousei used were freshly captured animals, 
stored in the labratory for only 1-7 weeks before being utilized for Ca 
measurements. Whereas, most experiments on toad bladder have been done with 
animals which were obtained from commercial suppliers and were maintained in 
captivity for a longer time period (this is more than likely a safe assumption). 
Cuthbert and Shum (1976) found that an external sodium deprivation increases 
Na+ transport and increases M, as measured with uC-labeled amiloride binding. 
This could maximize the frogs ability to sequester Na+ from the environment. If 
an animal has been in the laboratory for a longer time period with access to all 
of the Na+ that it requires, the number of active Na+ channels may be decreased. 
Laboratory maintained animals have a constant supply of food and water from 
which they can obtain all of the water and Na+ that they require. It can be
29
postulated that animals which are maintained under laboratory conditions have 
lost, perhaps temporarily, the large number of active Na+ channels which are 
observed in freshly captured toads because of a physiological adaption to life in a 
laboratory. In preliminary experiments (figure 20) a significant decrease in Ca 
was observed after the animals were in the laboratory for 4.4 weeks or more 
which could be related to a decrease in Na+ channel density. It is possible that 
freshly captured toads may have a greater number of active Na+ channels, thereby 
being able to absorb Na+ more efficiently. This would greatly benefit an animal, 
such as a toad living in a xeric environment which typically forages away from 
water, because when the toad comes upon water and Na+ it needs to be able to 
maximize the uptake of both.
Future studies should look more closely at these differences between 
laboratory maintained and freshly captured animals. Investigators should at least 
be aware of these differences.
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Table 1. Short circuit current (I*), the amiloride sensitive current (INa+), the 
amiloride insensitive component, the resistance, and the apical membrane 
capacitance (Ca), from the pelvic skin from both pre- and post-AVT treatments in 
full Ringer’s.
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Table 2. Short circuit current ( I J ,  the amiloride sensitive current (INa+), the 
amiloride insensitive component, the resistance, and the apical membrane 
capacitance (Ca), from the pectoral skin from both pre- and post-AVT treatments 
in full Ringer’s.
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Table 3. Na+ channel densities (M) and single channel current (i) values from 
the pelvic and pectoral skin before and after AVT treatment.
35
Table 3.
PELVIC SKIN PECTORAL SKIN
M i  M i
(channels/um^pA/channeD (channels/am2 V pA/channel)
Pre-AVT 160 ± 50 .25 ± .07 170 ± 50 .33 ± .11
Post-AVT 830 ± 170' .19 ± .01 260 ± 50 .23 ± .04
N 6 6 6 6
If significant differences between pre- and post-AVT treatments exist, they 
will be denoted as follows: * = P<.005.
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Figure 1. The stratum granulosum layer of the toad skin. The pathway for Na+ 
transport is shown in the cell on the right side of the figure. Na+ enters by way 
of ion channels in the apical membrane. Amiloride is a specific blocker of the 
apical Na+ channels. AVT stimulates Na+ entry by promoting the synthesis of 
cAMP which, through a series of unknown reactions, increases the number of 
open Na+ channels in the apical membrane. The water flux (JH20) pathway is 
shown in the cell on the left. Water channels can be either inserted or removed 
from the apical membrane via exocytosis and endocytosis, respectively, which 
enables JH20 to be regulated. AVT stimulates water entry by promoting the 
synthesis of cAMP which, through a series of unknown reactions, stimulates the 
water entry by increasing the number of water channels in the apical membrane.
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Figure 2. Equivalent electrical circuit for the toad skin epithelium. A) Ra and Ca 
represent the apical resistance and capacitance, respectively. Rb and Q, represent 
the basolateral capacitance and resistance, respectively. Rshunt represents the 
paracellular resistance. B) A simplified circuit assuming Ra and Ca are the 
primary circuit elements in the tissue.
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Figure 3. A Nyquist plot consisting of a resistive component (the real x axis), and 
a capacitative component (y axis) which is an imaginary number. Through the 
relationship of the phase angle between the voltage and the current, over a range 
of high and low frequencies, the individual points (impedance loci) can be 
generated. A time constant (r) can be calculated by utilizing the impedance loci 
at the maximum depression of the semicircle, where R x C = r.
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Figure 4. A Nyquist plot in which Ra is reduced and a second group of 
impedance loci appear at a lower frequency. This typically occurs after maximum 
AVT stimulation.
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Figure 5. Water flux (JH20) measurements were measured with this apparatus. 
A piece of toad skin was tied with 4-0 surgical silk with apical side of the skin 
facing the inside of the 5 ml syringe barrel and was suspended above the bottom 
of the 100 ml beaker with a clamp. Quarter Ringer’s were placed inside the 
syringe barrel and full Ringer’s were placed in the beaker. When the JH20 rate 
had stabilized, a 5 x 10"8 M solution of AVT was added to the beaker and the 
JH20 was measured from the time required for the fluid level to travel between 
the lOjtl divisions in the horizontally placed pipette.
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Figure 6. A power spectrum resulting from the fluctuations in 1  ^ resulted from 
the association and dissociation of a 10 /iM concentration of amiloride from Na+ 
channels in the apical cell membrane. A power spectrum can be fit as the sum 
(Sf) of a linear 1/ f  component and a Lorentzian curve (equation 5). The 
Lorentzian curve is described by a plateau value S0 divided by 1 + ( / / / c)2 where 
the corner frequency (f c) is the frequency where S/ = S„/2.
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Figure 7. A typical plot of [A] v.s. (2flfc), from which and km, the slope and y- 
intercept respectivley, can be calculated (equation 6). k^ and k10 are the 
association and dissociation rate constants of amiloride, respectively (equation 4). 
Individual plots were made for each animal for pelvic and pectoral skin and for 
pre- and post-AVT treatment. The correlation coefficient (r) averaged 0.97 ±
0.01 for all plots.
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Figure 8. Typical Nyquist plots for pelvic skin with quarter Ringer’s bathing the 
apical side of the skin. Record 79 was recorded before the addition of AVT and 
record 86 was obtained after AVT treatment.
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Figure 9. Percent change in water flux (JH20) and apical membrane capacitance 
(Ca) of the pelvic skin bathed with quarter Ringer’s on the apical surface. JH20 
was significantly stimulated after AVT treatment (P<.005) and Ca did not change 
significantly. Specific values for Ca are given in Table 1.
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Figure 10. Percent change in water flux (JH20) and apical membrane capacitance 
(Ca) for pectoral skin bathed with quarter Ringer’s on the apical surface. JH20 
and Ca were not significantly stimulated after AVT treatment. Specific values for 
Ca are given in Table 2.
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Figure 11. With quarter Ringer’s bathing the apical surface of the skin the 
absolute apical membrane capacitance (Ca) values for the pelvic skin were 
significantly larger than the Ca values for the pectoral skin (P<.05).
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Figure 12. Typical Nyquist plots for pelvic skin with full Ringer’s bathing both 
sides of the toad skin. Record 39 was recorded before the addition of AVT and 
record 42 was recorded after AVT treatment.
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Figure 13. The percent change in apical membrane capacitance (Ca) following 
AVT treatment, in pelvic and pectoral skin. After AVT treatment there was no 
significant change in Ca in quarter Ringer’s in either the pelvic or the pectoral 
skin (n=6). After AVT treatment a significant increase in Ca was seen in full 
Ringer’s in the pelvic skin but not in the pectoral skin (n=6).
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Figure 14. Lorentzian components (typical in both pelvic and pectoral skin) in 
power spectra with an increase in amiloride concentration from 4 pM  (record 86) 
to 6 pM  (record 90). When amiloride concentrations were increased, S0 
decreased while f c increased. These specific spectra are from an experiment 
conducted with pelvic skin.
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Figure 15. When the single channel current (i) of all the pre- and post-AVT 
treatments of both the pelvic and the pectoral skin were compared to the 
amiloride sensitive current (INa+) no significant correlation was seen (r = 0.24).
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Figure 16. A linear relationship between both the amiloride sensitive current 
(INa+) and the Na+ channel density (M) was seen both before and after AVT 
treatment in the pelvic skin (r = 0.74, n=6). The significant difference between 
pre- and post-AVT M values can also be observed.
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Figure 17. In the pelvic skin two distinct linear relationships between N a+ 
channel density (M) and apical membrane capacitance (Ca) were observed prior 
to and after AVT treatment (r = 0.90 and r = 0.94, respectively).
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Figure 18. In the pectoral skin, a linear relationship between the amiloride 
sensitive current (INa+) and Na+ channel density (M) was seen with values 
obtained before and after AVT treatment (r = 0.84, n=6), although M values 
were not significantly increased by AVT treatment.
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Figure 19. Neither apical membrane capacitance (Ca) nor Na+ channel density 
(M) values for the pectoral skin changed significantly after AVT treatment (n=6).
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Figure 20. Maximum apical membrane capacitance (Ca) at maximum AVT 
response in the pelvic and the pectoral skin in full Ringer’s. A significant 
difference between the 0.1-2.0 weeks after capture in the pelvic Ca values and the 
4.4-6.6 weeks after capture pelvic Ca values was observed (P<.05).
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